Background. High-quality preoperative cross-sectional imaging is vital to accurately stage patients with pancreatic ductal adenocarcinoma (PDAC). We hypothesized that imaging performed at a high-volume pancreatic cancer center with pancreatic imaging protocols more accurately stages patients compared with pre-referral imaging. Methods. We retrospectively reviewed data from all patients with PDAC who presented to the surgical oncology clinic at our institution between June 2005 and August 2009. Detailed preoperative imaging, staging, and operative data were collected for each patient. Results. A total of 230 patients with PDAC were identified, of which 169 had pre-referral imaging. Patients were selectively reimaged at our institution based on the quality and timing of imaging at the outside facility: 108 (47%) patients were deemed resectable, 54 (23.5%) were deemed borderline-resectable, and 68 (29.5%) were deemed unresectable. Of the resectable patients, 99 opted for resection. Eighty-two of those 99 patients underwent preoperative imaging at our institution, and of these 27% had unresectable disease at the time of surgery compared with 47% of patients who only had pre-referral imaging (p = 0.14). Reimaging altered staging and changed management in 56% of patients. Among that group were 55 patients, categorized as resectable on pre-referral imaging, who on repeat imaging were deemed to be borderline resectable (n = 27) or unresectable (n = 28). Conclusions. Pancreas-protocol imaging at a high-volume center improves preoperative staging and alters management in a significant proportion of patients with PDAC who undergo pre-referral imaging. Thus, repeat imaging with pancreas protocols and dedicated radiologists is justified at high-volume centers.
categorized as resectable on pre-referral imaging, who on repeat imaging were deemed to be borderline resectable (n = 27) or unresectable (n = 28). Conclusions. Pancreas-protocol imaging at a high-volume center improves preoperative staging and alters management in a significant proportion of patients with PDAC who undergo pre-referral imaging. Thus, repeat imaging with pancreas protocols and dedicated radiologists is justified at high-volume centers.
Pancreatic ductal adenocarcinoma (PDAC) has the lowest survival rate of any solid malignancy and is the fourth leading cause of cancer death in the United States. 1 Due to the dearth of adequate medical therapy for this disease, long-term survival is only possible for patients who undergo successful pancreatectomy. Unfortunately, only 15-20% of patients diagnosed with PDAC meet resection criteria, which is dependent on local tumor characteristics-particularly involvement of the mesenteric vessels-and presence or absence of distant metastases. 2 Of those patients deemed resectable preoperatively, 15-40% have metastatic or locally advanced disease at the time of surgery precluding resection. [3] [4] [5] When unresectable disease is found intraoperatively, the patient must recover from surgery before delivery of systemic chemotherapy or radiation. If postoperative complications arise, treatment is further delayed or not delivered at all. To reduce the rate of nontherapeutic laparotomy and minimize delay of appropriate therapy, high-quality preoperative cross-sectional imaging is imperative.
Currently accepted cross-sectional imaging modalities for staging PDAC include computed tomography (CT) and magnetic resonance imaging (MRI). 6 Numerous studies have compared the diagnostic accuracy of CT to MRI, and the combined results are inconclusive. [7] [8] [9] [10] [11] [12] Both are considered standard of care, and to some extent, choice of imaging is dependent on institutional experience and surgeon preference. Most hospitals in the United States use CT to stage patients preoperatively with PDAC due to lower cost, wider availability, and ease of interpretation. One potential benefit of MRI may be its increased sensitivity in detection of small liver metastases compared with CT. 13, 14 Cross-sectional imaging of PDAC serves two purposes: evaluation for metastatic disease and assessment of the relationship of the tumor to the mesenteric and portal vessels. Vascular involvement can be difficult to assess. However, it is crucial to distinguish whether there is a clean fat plane between the tumor and the vessels, vascular abutment, or encasement, because this distinction strongly influences tumor resectability and overall treatment plan. Vessel abutment occurs when the tumor involves less than 180°of the vessel circumference, whereas encasement indicates involvement of greater than 180°of the circumference. 15 One cannot overemphasize the importance of preoperative assessment of the mesenteric vessels, underscored by the fact that the mesenteric margin is the most frequent margin harboring residual cancer in R 1 resections. 16 Equally important to high-quality, cross-sectional imaging is accurate interpretation by experienced radiologists. There is evidence that specialized radiologists more accurately interpret images within their specialties. 17 Barry et al. demonstrated significantly improved staging accuracy of patients with gastric cancer by specialist radiologists. 18 Organ-specific imaging protocols are critical for radiologists to accurately assess pathology, particularly for PDAC. One study demonstrated wide variability among different institutions in terms of cross-sectional imaging protocols in PDAC. 19 In light of the complexities of preoperative staging of PDAC, we hypothesized that tumor staging is more accurately performed with imaging at a high-volume pancreatic cancer center with dedicated pancreatic protocols and radiologists than in non-high-volume centers. Accordingly, we sought to determine the accuracy of preoperative staging of PDAC by comparing the rate of finding unresectable disease at the time of surgery for patients deemed to be resectable based on imaging in the pre-referral setting to that in a highvolume referral center. Secondly, we investigated how often repeat imaging at a high-volume pancreatic cancer center altered management of patients with PDAC.
METHODS
This investigation was approved by the Human Investigation Committee of the University of Virginia Institutional Review Board, including a waiver for the need to obtain consent. We performed a retrospective review of all patients with a diagnosis of PDAC who presented to the surgical oncology clinic at the University of Virginia between June 2005 and August 2009. Preoperative imaging data were collected, including study date, modality, and location; site and size of the tumor; vascular involvement; and presence or absence of metastatic disease. For patients who underwent repeat imaging at our institution, we determined the date and modality of that imaging. Tumors were classified in all cases, based on most recent crosssectional imaging, by an attending radiologist as resectable, borderline resectable, or unresectable. At our institution, imaging was interpreted by a radiologist with expertise in pancreatic pathology using previously reported definitions, 15, 20 and classification was confirmed during discussion and review at our institution's multidisciplinary gastrointestinal tumor board. For patients who underwent pre-referral imaging, the radiology reports from the referring institution were used and the images were reviewed by the operating surgeon and the multidisciplinary team, which included radiologists. Operative data were collected including date, type of surgery, and whether there was evidence of metastatic or locally advanced disease at the time of surgery, thus precluding resection.
We specifically examined all patients who were deemed resectable based on preoperative imaging and taken to the operating room for planned pancreatectomy. We determined the rate of resectability (i.e., no finding of metastatic or locally advanced disease at the time of operation) for patients who underwent pre-referral imaging only compared to those patients who were imaged preoperatively at our high-volume center. We also analyzed all patients who had pre-referral imaging who were then reimaged at our institution. For this group of patients, we determined how often management changed based on the repeat imaging.
MRI Protocol
At our institution, MRI is utilized as the primary imaging modality for patients with PDAC. Our MRI scanning was performed using Siemens 1.5 T superconducting magnets (Magnetom Sonata, Magnetom Symphony, and Avanto; Siemens Medical Systems) with a four-element torso phased array coil. The following unenhanced breath-hold sequences were performed: axial T1 weighted in-phase and opposedphase gradient-echo (GRE) imaging; axial T1 weighted magnetization-prepared gradient-echo (MP-GRE); coronal, sagittal, and axial T2 weighted half-Fourier acquisition single shot turbo spin echo (HASTE) imaging; thin section multislice magnetic-resonance cholangiopancreatography (MRCP); thick slab MRCP imaging; and three-dimensional (3D) free breathing MRCP imaging.
Dynamic contrast-enhanced axial T1 weighted 3D volume interpolated breathhold examination GRE imaging was performed with the intravenous administration of 20 cc of gadolinium containing contrast agent [gadodiamide (Omniscan; Amersham Health), gadopentetate dimeglumine (Magnevist; Bayer HealthCare Pharmaceuticals), or gadobenate dimeglumine (MultiHance; Bracco Diagnostics)]. Precontrast acquisition and gadolinium injection occurred simultaneously. Three dynamic contrast-enhanced series were obtained, with a 15-s pause between each acquisition, resulting in pancreatic parenchymal phase (35-55 s after injection), portal venous phase (70-90 s after injection), and delayed phase (100-120 s after injection) images. A single late-phase acquisition was obtained at the end of the study (7-10 min after initial injection).
Subsequently, coronal contrast-enhanced imaging was performed using a fast 3D low-angle shot sequence after the intravenous administration of an additional 20 cc of contrast. The imaging was performed with an initial scan delay of 20 s, and repeated two more times with a 25-s delay between each acquisition. The image parameters were chosen such that isotropic voxels were obtained for multiplanar reconstruction at the time of interpretation.
Statistical Analysis
All group comparisons in this study were unpaired. Categorical variables were compared by using Fischer's exact or Pearson's Chi-square tests. Analysis of variance (ANOVA) was used to compare continuous variables. Categorical variables were expressed as a percentage of the group of origin, and continuous variables were expressed by mean ± standard deviation (SD). All p values were two-tailed, and significance was indicated by p \ 0.05. GraphPad Prism (version 5) software (La Jolla, CA) was used for statistical analyses.
RESULTS

Patient and Imaging Characteristics
General patient characteristics and imaging data based on tumor resectability are detailed in Table 1 . A total of 230 patients who presented with PDAC between June 2005 and August 2009 were identified. The mean age of all patients was 66.5 years, and 54.3% were men. At initial visits, 169 patients had undergone pre-referral imaging at another institution. The remaining 61 patients underwent initial imaging at our institution. Of the 169 patients with pre-referral imaging, 124 were reimaged at our institution, which was performed selectively based on quality and timing of pre-referral cross-sectional imaging. Patients were classified as resectable (n = 108), borderline resectable (n = 54), or unresectable (n = 68) based on most recent cross-sectional imaging. Most patients (78.3%) underwent MRI for their immediate preoperative crosssectional imaging, whereas the remainder (21.7%) were staged using CT.
For those patients reimaged at our institution, the time between pre-referral and repeat imaging was 0.7, 0.9, and 1.2 months for resectable, borderline resectable, and unresectable patients, respectively. Patients with resectable tumors had a mean tumor size of 2.7 cm compared with patients classified as borderline resectable (3.4 cm, p \ 0.05), and unresectable (4.3 cm, p \ 0.01). The vast majority of tumors (85.7%) were within the head or uncinate process, whereas 14.3% of tumors were located in the body or tail of the pancreas.
Accuracy of Pre-referral Imaging, Operative Characteristics, and Outcomes
Of the 230 patients who presented with PDAC, 108 patients were resectable based on cross-sectional imaging. Nine of those patients were not scheduled for surgery due to patient refusal (n = 8) or significant comorbidities that precluded resection (n = 1). Ninety-nine patients consented to pancreatectomy and were taken to the operating room for surgery with curative intent. Of those patients, 69 (69.7%) were resectable and underwent pancreatectomy; 30 were unresectable upon exploration.
Two surgeons (TWB and RBA) performed all pancreatic resections. Pancreaticoduodenectomy (81.2%) was the most commonly performed procedure, followed by distal (15.9%) and total pancreatectomy (2.9%). The 69 patients who were resected were similar to the 30 patients with unresectable disease at the time of surgery in terms of tumor location (head/uncinate vs. body/tail), tumor size, and time from most recent imaging to surgery (Table 2) .
Eighty-two patients who were classified as resectable by imaging underwent preoperative cross-sectional imaging at our institution. Of those patients, 22 (26.8%) were inoperable at the time of surgery due to locally advanced (n = 11) or distant abdominal metastatic disease (n = 11). Seventeen patients were taken to the operating room with only pre-referral imaging. Of these patients, eight (47.1%) were unresectable at the time of surgery (Table 3) , of which two had locally advanced disease and six had distant abdominal metastatic disease. In total, 13 patients were unresectable for locally advanced disease, generally due to vascular involvement. The superior mesenteric artery was involved in four cases, while the common hepatic artery (n = 3), superior mesenteric vein (n = 2), and inferior vena cava (n = 1) also were involved. In three cases, lymph nodes outside the area of resection were identified at the time of surgery. Of the nine patients in the pre-referral imaging only group who underwent resection, there were eight R 0 resections and one R 1 resection. Of the 60 patients who underwent resection who had imaging at our institution, there were 49 R 0 resections and 11 R 1 resections. The rate of R 0 resection was not significant between groups.
Management Changes
A total of 124 patients with pre-referral imaging underwent repeat imaging at our institution, and overall management was altered for 69 (55.6%) of those patients (Fig. 1) . Twenty-eight patients originally classified as resectable based on pre-referral imaging were reclassified as unresectable, 14 of whom had metastatic lesions detected on repeat imaging in the liver (n = 12) or lung (n = 2), and 14 of whom had T4 lesions due to SMA (n = 8) or celiac (n = 6) involvement. Twenty-seven patients thought to be resectable on pre-referral imaging were reclassified following repeat imaging as borderline resectable based on vascular involvement. Another 14 patients had management altered in other ways. Seven patients had pre-referral CT scans in which no mass was appreciated; however, reimaging at our institution detected a definable mass. Six patients had indeterminate prereferral imaging where a pancreas mass was visualized, but resectability could not be determined; all six were Size of tumor (cm ± SD) 2.6 ± 1 2.9 ± 1.1
Time from last imaging to surgery (months), mean ± SD 1.1 ± 0.9 1.2 ± 0.7 classified as resectable on reimaging. One patient was misdiagnosed as having a duodenal fistula on pre-referral imaging. When reimaged at our institution, the patient was found to have a resectable pancreatic head mass.
CONCLUSIONS
This study highlights the importance of high-quality, preoperative, cross-sectional imaging and interpretation in patients with PDAC. There was a trend toward increased accuracy in predicting surgical resectability based on imaging at our high-volume pancreatic center compared with imaging performed in the pre-referral setting (73% vs. 53%, respectively, p = 0.14). Our unresectability rate (27%) is similar to previously reported studies. 21 The role of diagnostic laparoscopy to improve preoperative staging for PDAC was not formally addressed in this study, and although it may improve preoperative staging, its routine use is controversial. At our institution, we routinely perform diagnostic laparoscopy for cancers in the body or tail of the pancreas and use a selective approach for pancreatic head/uncinate cancers. This is supported by Pisters et al., 21 who reviewed the role of laparoscopy for staging PDAC and estimated that only 4-13% of patients benefit from routine laparoscopy.
Perhaps the most significant finding of this study was that reimaging patients who had previously undergone pre-referral imaging resulted in management changes in 56% of cases. Twenty-eight patients were reclassified from resectable to unresectable, sparing these patients unnecessary surgery and allowing for potential earlier delivery of systemic chemotherapy and chemoradiation. An additional 27 patients were reclassified from resectable to borderline resectable, allowing for those patients to receive appropriate neoadjuvant therapy followed by restaging and surgery. The reclassification from resectable to unresectable or borderline resectable could potentially be due to interval progression and not necessarily misdiagnosis on pre-referral imaging. However, the mean interval between pre-referral imaging and repeat imaging was less than 1 month, and interval progression unlikely accounts for such a large percent of tumor upstaging. Figures 2 and 3 depict three patients who were classified as resectable based on pre-referral imaging but were reclassified as borderline resectable or unresectable based on repeat imaging at our institution, all performed within 3 weeks. Pawlik et al. 22 demonstrated similar findings, reporting that reimaging changed the stage of cancer for 19% of patients and multidisciplinary tumor board review changed management in 24% of patients.
For patients with PDAC, delivering optimal treatmentoften consisting of combinations of chemotherapy, chemoradiation, and surgery-with appropriate timing is critical. Timing of each modality ultimately depends on tumor resectability. The current standard of care for patients with resectable tumors who are fit for surgery is initial pancreatectomy, followed by systemic chemotherapy and chemoradiation. Treatment options for unresectable patients include systemic chemotherapy and chemoradiation. Borderline resectable denotes a select patient group with technically resectable tumors but with a high incidence of micrometastatic disease and a margin-positive resection. These patients receive neoadjuvant therapy, are restaged, and undergo surgery if they have no disease progression.
When incorrectly classified, patients do not receive timely, beneficial treatment. For instance, if a patient is misclassified as resectable, undergoes laparotomy, and metastatic disease is found, that patient not only must suffer the pain and potential complications of unnecessary surgery but will have other therapies delayed. There is evidence that as many as 30% of patients do not recover from surgery sufficiently to receive adjuvant therapy 23 ; thus, some patients may not even receive the only therapy from which they may benefit.
Cross-sectional imaging with CT or MRI is the most accurate method to determine resectability preoperatively and to stratify patients with PDAC into treatment groups. To do so, high-quality imaging and accurate interpretation are absolutely necessary. At our institution, we predominantly use MRI to stage PDAC tumors preoperatively due Other images of the same study also poorly showed the lesion but no contrast enhancement images were obtained, which would have improved lesion depiction. Repeat MR imaging at our institution performed 18 days later shows the same lesion on (b) T2-weighted image and it is more clearly depicted with (c) gadolinium contrastenhanced imaging. d Contrast-enhanced CT image of the liver obtained at outside institution in patient with mass in the pancreatic tail shows normal liver with no evidence of metastases. e Contrastenhanced T1-weighted MR image obtained at our institution 13 days later clearly shows several small metastases (arrows), making the tumor unresectable to the vast expertise of our radiologists with MRI and their implementation of specific MRI protocols optimized for staging PDAC. As we have demonstrated, 78.3% of patients in this study underwent preoperative MRI. In contrast, most institutions primarily use multidetector CT for this purpose. There are benefits to each modality. CT has historically been described as the imaging modality of choice and is less costly than MRI. 24, 25 Generally, CT images are easier to interpret, and interpretation of local spread of disease may be done equally well with both CT and MRI.
14 MRI, although more expensive and more difficult for many surgeons to interpret, may be superior to CT for identifying metastatic liver lesions. 13, 14 This is supported by the present study, in which 12 patients who were reimaged at our institution had liver metastases that were not seen on pre-referral imaging. In 11 of those cases, the pre-referral imaging was by CT and the repeat imaging was performed using MRI. Again, interval disease progression between imaging studies could help explain this phenomenon; however, the short time frame between studies is unlikely to fully explain these results.
This study has notable limitations. It is a retrospective study with inherent selection bias, but prospective trials comparing pre-referral to post-referral imaging would be impossible to perform. Furthermore, the small sample size (n = 17) of patients who went to the operating room based on pre-referral imaging alone limits our ability to detect small differences during group comparisons. Cross-sectional imaging varies among institutions and, thus, translation of this study's findings to other institutions is dependent on high-quality imaging and interpretation. The authors recognize that some institutions that do not meet criteria for high-volume PDAC centers likely have excellent quality imaging and radiologic interpretation. However, this study demonstrates that at our high-volume institution, high-quality imaging and interpretation led to increased accuracy of preoperative staging. Notably, repeat imaging altered management in more than half of patients. Finally, as previously mentioned, interval progression of disease between pre-referral and repeat imaging could serve as a potential confounding factor for the results. However, the less than 1-month time interval between imaging studies is unlikely to explain fully the high percentage of patients (56%) with changes in preoperative staging based on repeat imaging.
PDAC is a complex disease and optimal outcomes rely on a multidisciplinary approach, 22, 26 where surgeons and other specialists work in concert to manage each patient on an individual basis. Preoperative staging is paramount to the decision-making process and cannot be overstated, particularly because effective treatment strategies for PDAC are limited. High-quality preoperative cross-sectional imaging and accurate interpretation allow patients to be treated efficiently with the optimal therapeutic strategy, whereas incorrectly staging patients often leads to suboptimal outcomes. When patients are referred to a highvolume pancreatic cancer center for management of PDAC, repeating cross-sectional imaging is justified.
